We report density functional theory calculations that examine the mechanism and origins of stereoselectivity of Sooś' landmark discovery from 2005 that cinchona thioureas catalyze the asymmetric Michael addition of nitroalkanes to enones. We show that the electrophile is activated by the catalyst's protonated amine and that the nucleophile binds to the thiourea moiety by hydrogen bonding. These results lead to the correction of published mechanistic work which did not consider this activation mode. We have also investigated the corresponding cinchona squaramide-catalyzed reaction and found that it proceeds by the same mechanism despite the differences in the geometry of the two catalysts' hydrogen-bond-donating groups, which demonstrates the generality of this mechanistic model.
INTRODUCTION
Cinchona alkaloids and their derivatives have been used extensively in organic synthesis. 1−4 The cinchona alkaloidderived thiourea catalysts, independently reported by the Chen, 5 Sooś, 6 Connon, 7 and Dixon 8 groups in 2005, represent one of the most important discoveries in this field of catalysis. Cinchona thioureas have since been shown to promote a wide range of highly asymmetric carbon−carbon and carbon−heteroatom bond-forming reactions 2,9,10 with applications in total synthesis. 11 Sooś' landmark reaction from 2005, the cinchona thioureacatalyzed asymmetric Michael addition of nitroalkanes to enones (Scheme 1), 6 has been the focus of computational studies. 12, 13 However, the mechanism of this important reaction remains unclear. The three possible activation modes are shown in Scheme 1 (modes A, 14 B, 12 and C 13 ). Paṕai and co-workers suggested that this reaction proceeded by mode B, but their mechanistic proposal was based on the relative energies of prereaction complexes; no transition states (TSs) were located. 12 Subsequently, Wang and co-workers proposed that this reaction proceeded via mode C by locating competing TSs. 13 However, activation mode B was not considered in their mechanistic work, and examination of their mode C TS shows that it actually corresponds to mode A. Neither computational study explained the origins of stereoselectivity. We have previously studied the cinchona urea-catalyzed asymmetric conjugate addition of aromatic thiols to cycloalkenones using density functional theory (DFT) and found that the electrophile was activated by a protonated amine and that the urea binds the nucleophile by hydrogen bonding (the Brønsted acid−hydrogen bonding model). 15 However, the validity of this mechanistic model in the context of cinchona thiourea catalysis was unclear given the large difference in acidity between ureas and thioureas ( Figure 1 ) and the change in substrate.
Therefore, we have explored the mechanism and origins of stereoselectivity of Sooś' cinchona thiourea-catalyzed asymmetric Michael addition of nitroalkanes to enones using DFT calculations. The reaction was found to proceed via activation mode B in full agreement with our previous work on cinchona alkaloid and cinchona urea-catalyzed conjugate additions. 15, 16 This result leads to the correction of the mechanistic conclusion reported by Wang and co-workers for Sooś' reaction. Since the pioneering work by Rawal in 2008, 17 chiral squaramides have been reported to catalyze many highly asymmetric reactions. 18−20 We also report DFT calculations that examine the asymmetric Michael addition of nitroalkanes to enones but catalyzed by the corresponding cinchona squaramide reported by Yang and Du in 2010 (Scheme 2). 21 A common mechanism was found between these two cinchona-catalyzed reactions (mode B) despite the differences in the geometry of their hydrogen-bond-donating groups (Figure 1 ), demonstrating the generality of this mechanistic model.
RESULTS AND DISCUSSION
In the cinchona thiourea-catalyzed asymmetric Michael addition of nitroalkanes to enones, the first step is deprotonation of the nitroalkane by the quinuclidine base which is followed by ratedetermining C−C bond formation. 12, 13 Mode A-, B-and C-type pre-reaction complexes are expected to be in rapid equilibrium, and so their relative thermodynamic stabilities do not determine the preferred reaction pathway (Curtin−Hammett conditions).
12,24 Therefore, we have investigated the relative stabilities of the C−C bond-forming TSs to determine which catalyst activation mode is preferred and to explain the observed stereoselectivity. The ethyl group on the quinuclidine ring of catalyst 1a was replaced by a methyl group to simplify our calculations (catalyst 1b, Scheme 1). 25, 26 Mode B TSs leading to the major and minor products via the scis and s-trans conformations of the enone are shown in Figure 2 . The two catalyst conformations considered for these TSs are that seen in TS thio -B cis -(major) and TS thio -B trans -(minor) which differ only by rotation of the quinoline ring by ∼180°(syn-open and anti-open conformations, respectively). These conformations have previously been shown to be strongly preferred over all other possibilities. 15 Both conformations were considered for all TSs, the lowest energy of which is shown in Figures 2−5. Rotation of the quinoline ring's methoxy group by ∼180°so that the methyl group is oriented away from the thiourea moiety leads to a further two possible TSs. However, these conformations were found to be disfavored by at least 2.2 kcal mol −1 for the synand anti-open conformations of TS thio -B cis -(major) and were therefore not considered further.
The lowest energy TS was calculated to be TS thio -B cis -(major), which leads to the major product observed experimentally ( Figure 2 ). TS thio -B cis -(minor) is disfavored relative to this TS due to unfavorable steric interactions between the substrate's phenyl substituent and the catalyst's quinuclidine ring. Furthermore, TS thio -B cis -(major) is stabilized by π-stacking interactions between the substrate's phenyl group and the catalyst's aromatic ring. 27 These interactions are absent in TS thio -B cis -(minor). TS thio -B trans -(major) and TS thio -B trans -(minor) are disfavored relative to TS thio -B cis -(major) because they adopt the less favorable s-trans conformation of the enone. The s-cis conformation of the enone in isolation was calculated to be favored over the s-trans by 1.0 kcal mol −1 . Furthermore, no π-stacking is present in these TSs.
Mode A TSs are shown in Figure 3 . The two TSs adopting the s-cis conformation of the enone are the lowest in energy (TS thio -A cis -(major) and TS thio -A cis -(minor)). TS thio -A trans -(major) and TS thio -A trans -(minor) are higher in energy because they adopt the less favorable s-trans enone conformation. TS thio -A cis -(minor) is the lowest energy TS across both activation modes that leads to the minor product. All mode A TSs are disfavored relative to TS thio -B cis -(major) because mode B TSs stabilize the enone's developing alkoxide to a greater extent than mode A TSs (proton transfer from the quinuclidinium ion versus hydrogen bonding from the thiourea). 15 To ensure that the preference for mode B over mode A was consistent across methods, we have performed three sets of additional single-point energy calculations in which either the functional, basis set, or solvent model was changed. In these additional calculations, we used the M11 functional, the 6-311G(d,p) basis set, and the SMD solvent model as substitutes in turn. Mode B was still strongly preferred over mode A in all three 
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Article cases (4.4, 4.2, and 3.5 kcal mol −1 respectively), adding further weight to our mechanistic conclusion.
Our attempts to locate TSs that corresponded to mode C optimized instead to mode A. This observation is in agreement with other studies that computationally investigated similar reactions. 15, 28 Examination of the mode C TS originally reported by Wang for this reaction shows that it actually corresponds to mode A. Therefore, we conclude that Sooś' cinchona thioureacatalyzed asymmetric Michael addition of nitroalkanes to enones proceeds via activation mode B, a result that leads to the correction of the mechanistic conclusion reported by Wang and co-workers for this reaction.
We have also investigated the cinchona squaramide-catalyzed asymmetric Michael addition of nitroalkanes to enones (Scheme 2) 21 to examine the generality of this mechanistic model and to see if the differences in the geometry of the thiourea and squaramide hydrogen-bond-donating groups (Figure 1) changes the preferred mechanism. The three lowest energy TSs are shown in Figure 4 . Mode B is again favored over mode A by more than 2 kcal mol −1 (TS sq -B cis -(major) and TS sq -A cis -(major), 
Article respectively). TS sq -A cis -(minor) is the lowest energy TS across both activation modes that leads to the minor product, in agreement with our thiourea results. Additional transition-state conformations were generated by rotation about the nucleophile−electrophile C−C bond-forming distance for the squaramide-catalyzed mode A reaction. However, these transition states were either found to be strongly disfavored or optimized back to the original transition state geometries. It has been shown that catalyst aggregation can lead to lower levels of enantioselectivity in cinchona-catalyzed reactions and is suggested to be the reason why the selectivity observed experimentally in the squaramide-catalyzed reaction is lower than that predicted by our calculations. 15 To examine substrate generality, TSs for the squaramide-catalyzed reaction of a cyclic enone were also located (Scheme 2). Mode B was calculated to be favored over mode A by 2.0 kcal mol −1 (TS sq -B cyc -(major) and TS sq -A cyc -(major), respectively, Figure 5) . These results further demonstrate the generality of our mechanistic model.
CONCLUSIONS
DFT calculations show that the preferred reaction pathway in Sooś' cinchona thiourea-catalyzed asymmetric Michael addition of nitroalkanes to enones is activation of the electrophile by the catalyst's protonated amine and binding of the nucleophile to the 
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Article thiourea moiety by hydrogen bonding (mode B). This is preferred over the alternative mechanism in which the nucleophile is bound to the protonated amine and the thiourea moiety activates the electrophile by hydrogen bonding (mode A). These results lead to the correction of the mechanistic conclusion reported by Wang and co-workers for this reaction drawn as a result of their DFT calculations. The lowest energy TS leading to the minor product corresponds to mode A; mode B TSs leading to this product are destabilized by either a steric clash with the catalyst or they adopt the less favorable s-trans enone conformation. We have also investigated the same reaction but catalyzed by the corresponding cinchona squaramide. A common mechanism was found between these two cinchonacatalyzed reactions, despite the differences in the geometry of their hydrogen-bond-donating groups, demonstrating the generality of this mechanistic model.
EXPERIMENTAL SECTION
Quantum mechanical calculations were performed using Gaussian 09 (Revision D.01). 29 All geometries were optimized using the M06-2X density functional, 30 the 6-31G(d) basis set and an ultrafine integration grid within the IEFPCM model. 31 Single-point energies were calculated using M06-2X, the polarized, triple-ζ valence quality def2-TZVPP basis set of Weigend and Ahlrichs 32 to minimize basis set superposition errors 33 and an ultrafine integration grid within the IEFPCM model. The resulting energies were used to correct the energies obtained from the M06-2X optimizations. 34−36 The free energy corrections were calculated using Truhlar's quasiharmonic approximation 37 with GoodVibes. 38 Previous computational studies of cinchona catalysis with similar methods provided results in accord with experiment. 39−41 Computed structures are illustrated with CYLView. 
